4 weeks after ovariectomization. Then, the bone turnover markers, bone biomechanical properties, trabecular architecture, and related protein expressions were evaluated by biochemical assay kits, mechanical testing, microcomputed tomography, immunohistochemical evaluation, and Western blot analysis. Treatment with the flavonoid fraction of Herba Epimedii (15, 30 mg/kg/d) and ipriflavone (200 mg/kg/d) significantly increased bone strength while dramatically inhibiting the serum alkaline phosphatase and tartrate-resistant acid phosphatase levels in ovariectomized rats. Furthermore, the flavonoid fraction of Herba Epimedii also increased osteoprotegerin protein expression and reduced the receptor activator of nuclear factor-κB ligand protein expression compared with ovariectomized rats. In addition, the microcomputed tomography results showed that the flavonoid fraction of Herba Epimedii treatment significantly improved trabecular bone mineral density and restored the bone microarchitecture in ovariectomized rats. Therefore, our results indicated that the flavonoid fraction of Herba Epimedii might be beneficial for improving postmenopausal osteoporosis and should be considered as a promising candidate for treating postmenopausal osteoporosis.
Abbreviations ! ALP: alkaline phosphatase BMD:
bone mineral density BS/BV: relative bone surface to bone volume BV/TV: relative bone volume to total volume CT: computed tomography HEFF:
flavonoid fraction of Herba Epimedii HPLC:
high performance liquid chromatography HPLC-ESI-MS:
high performance liquid chromatography-electronic spray ion-mass spectrum HRT:
hormone replacement therapy IF:
ipriflavone MS: mass spectrum OPG: osteoprotegerin OVX: ovariectomized PBS:
phosphate buffered saline RANKL:
receptor activator of nuclear factor-κB ligand RIPA:
radio-immunoprecipitation assay SERMs:
selective estrogen receptor modulators Tb.N: trabecular number Tb.Sp: mean trabecular separation TBST:
tris buffered saline with tween-20 Tb.Th: mean trabecular thickness TRACP:
tartrate-resistant acid phosphatase Introduction ! Osteoporosis is a common skeletal disease with net bone loss, which may be caused by the imbalance of bone resorption and bone formation [1, 2] . Osteoporosis is a pressing health issue in the aging population around the world. It has been reported that approximately 40 % of women and 13 % of men aged 50 or older will experience at least one fracture during their remaining lifetime [3] . Traditionally, HRT has been regarded as a gold standard for the prevention and treatment of osteoporosis. However, the epidemiological results from the Womenʼs Health Initiative and the Million Women Study showed that long-term HRT could increase the risk of postmenopausal women to develop stroke, breast cancer, thrombosis, and cardiovascular diseases [4] [5] [6] . SERMs are another choice to treat osteoporosis. Unlike estrogens, SERMs have the unique ability to selectively serve as agonists or antagonists in various tissues [7] . Thus, the pharmacological advantage of SERMs is that they can afford the beneficial estrogenic effects in the target tissues and avoid adverse, off-target effects [8] . However, there are still some problems associated with the current SERMs, for example, drug resistance and adverse effects such as hot flashes and blood clots [9] . Therefore, this serves to search for a natural medicine providing an alternative strategy to prevent and treat osteoporosis in postmenopausal women. Herba Epimedii is the dry aboveground part of Epimedium species (Berberidaceae). Epimedium brevicornum Maxim., together with three other Epimedium species, Epimedium sagittatum (Sieb. et Zucc.) Maxim., Epimedium pubescens Maxim., and Epimedium koreaum Nakai, has been recorded in the Chinese Pharmacopoeia [10] . It is widely used as a Chinese medicine for "strengthening the kidney" and "reinforcing bone" for a long time in China and other Asian countries [11, 12] . Many studies have demonstrated that the potential anti-osteoporotic activity of Herba Epimedii. Ye et al. found that Herba Epimedii aqueous extracts could prevent bone loss, resulting in a lack of estrogen, by decreasing the expression of tumor necrosis factor-α in monocytes and stimulating the expression of transforming growth factor-β [13] . In vitro experiments showed that Herba Epimedii aqueous extracts stimulate cell proliferation and increase ALP activity in rat osteoblast-like UMR 106 cells [14] . Flavonoid is the main bioactive component of Herba Epimedii and attracted many researchers to study its effects and mechanism on osteoporosis. Previous studies by various scientists have repeatedly shown that the total flavone of Epimedium could prevent bone loss and improve BMD in OVX rats [15] [16] [17] . Icariin, the major active constituent of Herba Epimedii, is the most commonly used Chinese herbal medicine for the treatment of osteoporosis [18] . Recently, the bonestrengthening activity of icariin has attracted worldwide attention. In vitro studies showed that icariin could stimulate osteoblast differentiation and suppress osteoclast differentiation and bone resorption activity [19] [20] [21] [22] . Animal and human studies also confirmed the anabolic effect of icariin in vivo. Wei et al. found that icariin could promote bone formation, increase trabecular numbers, and reduce trabecular separation [23] . The comparing study showed that there was no obvious difference between icariin and estrogen on anti-osteoporotic activity in OVX rats [24] . The main bioactive components of this herb are prenylated flavonol glycosides, and the absorption of flavonol glycosides increased, while the number of glucosides decreased [25, 26] . Therefore, our laboratory prepared a flavonoid fraction with less glucoside from Herba Epimedii (HEFF) to enhance the effect on the prevention and treatment of osteoporosis. The HEFF included eight com- IF is a synthetic isoflavone derivative and commonly been used as an anti-osteoporosis drug in primary osteoporosis patients. The experimental results of many researchers except for Alexandersen et al. suggested that IF is able to prevent bone loss and increase bone mass in postmenopausal women [27] [28] [29] [30] [31] [32] [33] [34] [35] . In this study, we used it as a reference drug.
Results

!
In order to identify the main compounds of HEFF, an HPLC-ESI-MS assay was performed in this experiment. The HPLC chromatogram of HEFF is shown in l " Fig. 1 and MS spectrums of the eight compounds in HEFF are shown in l " Fig. 2 . We speculated the possible chemical structures of the eight main compounds according to the chromatographic retention time, relative molecular mass, fragment ion information, and the relevant literature data (l " Table 1). They are epimedoside A, ikarisoside F, baohuoside II, sagittatoside A, sagittatoside B, 7-O-rhamnosyl icariside II, 2′′-Orhamnosyl icariside II, and baohuoside I, respectively. Their possible chemical structures are also shown in l " Fig. 2 .
The biochemical analyses indicated that serum bone formation marker ALP and bone resorption marker TRACP were significantly higher (+ 122.61 % and + 110.34 %, respectively) in OVX rats compared to the sham group (p < 0.01). However, administration of HEFF-M (15 mg/kg/d, 30 mg/kg/d) and IF (200 mg/kg/d) for 8 consecutive weeks attenuated the OVX-induced increase in the levels of ALP and TRACP in a significant manner (l " Fig. 3) .
A three-point bending test was carried out to evaluate the mechanical properties of the tibia and the results are given in l " Table 2. In the OVX group, the tibia showed a lower mechanical strength including ultimate load, modulus of elasticity, and energy to failure (p < 0.05 or 0.01 vs. sham). On the other hand, IF (200 mg/kg/d) and HEFF-H (30 mg/kg/d) significantly increased these indices (p < 0.05) after 8 weeks administration. HEFF-M (15 mg/kg/d) also markedly enhanced mechanical strength by in- creasing the modulus of elasticity and energy to failure (p < 0.05), but had no significant effect on ultimate load. To further evaluate the effects of HEFF on bone remodeling activity, we analyzed six bone histomorphometric indices including BMD, BV/TV, Tb.N, Tb.Sp, BS/BV, and Tb.Th in all rats by using micro-CT (l " Table 3 ). IF (200 mg/kg/d) treatment significantly reversed the effects of ovariectomy on histomorphometric indices by increasing BMD, BV/TV, Tb.N, and Tb.Th, and decreasing Tb. Sp and BS/BV in OVX rats. Although HEFF-L (7.5 mg/kg/d) had no significant effect on these six indices, compared with OVX rats, HEFF-H (30 mg/kg/d) treatment showed a similar effect to IF (200 mg/kg/d) treatment on the six indices, while HEFF-M (15 mg/kg/d) treatment only raised BMD, Tb.N, and Tb.Th and reduced BS/BV. The conclusion mentioned above was further proven by their three-dimensional images of the coronal plane and two-dimensional images of the longitudinal plane obtained from micro-CT (l " Fig. 4 ). Compared with the compact and normally distributed trabecular bone in the sham rats, the trabecular bone mass and architecture in the OVX group were significantly deteriorated after 12 weeks, and these indices in the HEFF-M and HEFF-H groups were better than those in the OVX group and similar to those of the IF group.
The results of immunophenotypic expressions of OPG and RANKL in the femur of the rats are shown in l " Fig. 5 . OPG and RANKL protein expressions appeared as yellow-brown staining in the cytoplasm. As we can see from l " Fig. 5 A, B , OPG was significantly reduced, while RANKL was increased markedly in the OVX group Western blot analysis using antibodies against OPG and RANKL was used to measure the femur levels of these proteins. As shown in l " Fig. 6 A, Fig. 6 A, C) . These results suggested that HEFF could cause a downregulation of RANKL protein expression induced by ovariectomy.
Discussion
!
Osteoporosis has become a serious challenge to health and quality of life of the aged in view of low bone mineral density and increased fracture risk. The therapeutic approaches for the prevention and treatment of osteoporosis has been used in clinical practice with the availability of effectiveness, such as HRT, which has been confirmed to be associated with a high risk of incidence of dramatic side effects. Alternative medicine has attracted the attention of many researchers because of its efficacy and safety in patients with osteoporosis. Herba Epimedii, a traditional Chinese medicine, has been widely used as an anti-osteoporosis herb for the prevention and treatment of osteoporotic fractures [36] . In the present study, the potential anti-osteoporosis activity of HEFF has been evaluated in vivo in OVX rats. The study provided important information on the anti-osteoporosis activity of HEFF. As we all know, prenylated flavonoids, which include triglycosides, diglycosides, and monoglycoside, are the main active constituents of Herba Epimedii. Some previous researches used a Caco-2 model and the rat intestinal perfusion model to study the absorption and metabolism of prenylated flavonoids from Herba Epimedii in the rat intestine [26] . The results indicated that triglycosides and diglycosides might be hydrolyzed as secondary glycosides in the intestine before absorption, while monoglycoside (baohuoside I) could be absorbed by enterocytes directly. They also found that the absorption of monoglycoside is better than diglycoside (e.g., icariin), and diglycoside is better than triglycoside (e.g., epimedin A, epimedin B, and epimedin C) [25] .
Our previous study confirmed that cellulose could hydrolyze triglycosides and diglycosides could translate into secondary glycosides [37, 38] . In this study, we used the crude extract (50% ethanolic) of Herba Epimedii as the raw material to prepare HEFF through enzymolysis, separation, and purification. Compared with the crude extract of Herba Epimedii, all of the triglycosides disappeared, while the diglycosides and monoglycoside increased sharply in HEFF. Therefore, we assumed that HEFF, which included eight diglycosides or monloglycoside, could be easily absorbed in intestines. Subsequently, we validated its anti-osteoporosis activity by using an OVX model. Estrogen deficiencies are the important risk factors in the pathogenesis of osteoporosis. Therefore, OVX rats have been widely used as a model for postmenopausal osteoporosis [39, 40] . IF, a derivative of phytoestrogens, was included in the study as a reference compound for the effect of bone modeling and remodeling. Because of the ovarian hormone deficiency, ovariectomy resulted in a dramatic decrease in biomechanical strength and bone quality, consistent with a previous study [41] . HEFF treatments at the doses of 15 and 30 mg/kg/d could significantly increase the OPG protein level, biomechanical strength, and bone quality as well as decrease serum ALP, TRACP, and RANKL protein levels. These results suggested that HEFF had a similar effect as IF on serum ALP, serum TRACP, OPG, RANKL protein level, biomechanical strength, and bone quality. It indicated that HEFF possessed anti-osteoporotic activity in osteoporotic rats induced by estrogen deficiency. The serum activity of ALP and TRACP are useful markers of bone formation and bone resorption, respectively. Other investigators have indicated that the levels of ALP and TRACP were increased in the OVX group compared with the sham group because of estrogen deficiency [42, 43] . A similar change was observed in this study. However, treatment with HEFF at higher doses (15 or 30 mg/kg/d) significantly reversed the changes of ALP and TRACP. The results showed that HEFF inhibited bone loss induced by ovariectomy, probably by stimulating bone formation and inhibiting bone resorption. Bone remodeling demands a precise balance between bone resorption and formation. The RANKL/RANK/OPG system plays an important role in regulating the balance between the activity of osteoblasts and osteoclasts [44] . RANKL binds to its cellular receptor RANK to promote the differentiation of preosteoclasts into mature osteoclasts and increase bone resorption, while OPG serves as a decoy receptor of RANKL and inhibits its activation of osteoclastogenesis. In this study, we found that the levels of OPG protein were increased, while the levels of RANKL protein were decreased by treatment with HEFF. The results indicated that one of the mechanisms of HEFF inhibiting bone loss was associated with an increased OPG/RANKL ratio. The most important marker of osteoporosis is the severe decrease in bone strength, which directly results in bone fractures [45] . The three-point bending test has been commonly used to evaluate bone strength [46] , which has shown that bending ultimate load, modulus of elasticity, energy to failure, and stiffness are good indicators of the mechanical load of cortical bone [47] . In this study, the results of the three-point bending test of tibial diaphysis showed that the administration of HEFF at a higher dosage to OVX animals produced a significant increase in bone strength.
BMD is the golden standard to diagnose osteoporosis. In the present study, we used Micro-CT to measure BMD and evaluate bone histomorphometry [48, 49] . The micro-CT analysis of the distal femur in OVX rats reflected changes in the bone quality through higher porosity, trabecular separation, lower BMD, trabecular thickness, trabecular connectivity, and trabecular number [50] . Interestingly, treatment with IF or HEFF at higher doses for 8 weeks was able to partly reversed the changes induced by OVX (l " Table 3 ). This result further explains the change of bone strength evaluated by the biomechanical test.
In conclusion, this study demonstrated for the first time that HEFF, a flavonoid fraction of Herba Epimedii, had powerful protective effects on OVX-induced osteoporosis in rats by stimulating bone formation and inhibiting bone turnover and bone resorption. Our experimental results suggest that HEFF supplementation could be an alternative to HRT for the prevention of postmenopausal osteoporosis. 
Material and Methods
Preparation of the flavonoid fraction of Herba Epimedii
Herba Epimedii (5 kg) was refluxed with 90 L 50 % ethanol and 75 L 50 % ethanol (v/v) for 1 h, respectively. All of the extracts were combined together and ethanol was removed under reduced pressure, then enzymolysis by cellulose was carried out (cellulose : total flavonoids = 1 : 7). The enzymatic hydrolysates were precipitated by adding ethanol to a ratio of ethanol : water = 60 : 40 (v/v) and then they were filtered. Next, the supernatant of this extract was concentrated and loaded onto the macroporous resin AB-8 column. After adsorption overnight, the adsorbate-laden column was eluted with different concentrations of ethanol (0%, 30%, 60 %, 80 %) at a flow rate of 2BV/h. Then, 60 % and 80% ethanol eluent were combined and concentrated, stewing overnight. The deposit was redissolved in 95% ethanol and centrifuged at 4000 rpm for 10 min, while the supernatant was taken to be concentrated and dried at 50°C, and then the HEFFs were obtained. HEFF and IF were suspended in 0.5 % sodium carboxymethyl cellulose and administrated by oral gavage, which started from the 5th week (29th day) after OVX to the 8th week (84th day). At the end of the 8-week study period, blood was collected from the orbit and allowed to clot, then the blood samples were centrifuged for serum isolation and then stored at − 80°C for biochemical analysis. The left femurs were put in 4% neutral formaldehyde solution for micro-CT scanning and immunohistochemical evaluation. The right femora were stored at − 80°C for Western blot analysis. The left tibias were stored at − 20°C and subjected to mechanical testing.
Chromatographic conditions and equipment
Bone turnover markers evaluation
The serum bone formation marker (ALP) and bone resorption marker (TRACP) were analyzed by biochemical assays. Serum samples were centrifuged at 3000 rpm for 10 min at 37°C, and the serums were stored at − 80°C until use. Next, these markers were assayed using a commercial kit according to the manufac-turerʼs instructions.
Biomechanical evaluation
The right tibias were harvested, cleaned of superficial tissues, incubated in PBS, and frozen at − 20°C until assessed for the threepoint bending test using an Instron 5943 material testing system [51] . The two supports were separated by a distance of 12.1 mm and a central bending load was applied at a displacement rate of 1 mm/min until the tibia was broken [52] . The force-displace-ment curve of each test was acquired by the computer, which was connected to the apparatus. Force and deformation data were collected and analyzed to calculate the ultimate load (N), modulus of elasticity (MPa), and energy to failure (mJ).
Trabecular bone microarchitecture measurement by microcomputer tomography
The left femora were fixed in 4% paraformaldehyde for 48 h and scanned using a cone beam (Skyscan1176, Skyscan). The X-ray generator was set at a voltage of 50 KV with a current of 500 µA, which produced images with an isotropic spatial resolution of (35 mm 3 ) voxel size. For analysis of the trabecular bone, 50 consecutive slices (1.75 mm) were selected as the region of interest beginning 6.44 mm away from the distal femur growth plate.
The following parameters were measured using a three-dimensional region of interest by Skyscan analysis software: BMD, BV/ TV, Tb.N, Tb.Sp, BS/BV, and Tb.Th.
Immunohistochemical staining
After being scanned by micro-CT, immunohistochemical assessment was conducted to determine the protein expressions of OPG and RANKL according to the following procedure. The left femora were embedded in paraffin and cut into 5-µm thick sections, deparaffinized, and rehydrated. After being washed with PBS three times, the slices were incubated with 0.3 % hydrogen peroxide for 15 min to quench endogenous peroxidase. Next, the samples were incubated with primary antibodies (dilution 1 : 200) overnight at 4°C. After being washed three times with PBS, slices were incubated with the secondary antibody for 30 min followed by 3,3′-diaminobenzidine development. Fifteen random images from three sections per animals were obtained using a BX51 Olympus microscope equipped with a DP71 camera. Each image was captured under the same conditions. Quantitative analysis was determined using image analysis software Image pro-Plus 6.0. The fields were selected and analyzed by two blinded examiners. When there was a difference, a consensus was reached by discussion.
Western blot analysis
The right femora were lysed in RIPA lysis buffer containing a protease inhibitor cocktail. The samples were sonicated and incubated on ice for 30 min and then the insoluble material was removed by centrifuging at 12 000 rpm for 5 min. The protein in the supernatant was collected for Western blot analysis. Protein concentrations of each sample were measured using the BCA protein assay kit. Equal quantities of protein were separated on a 10 % polyacrylamide-sodium dodecyl sulfate gel and transferred to polyvinylidene fluoride membranes. Nonspecific binding sites were blocked in TBST containing 5% nonfat milk and 0.1 % Tween 20 for 2 h at room temperature. After being washed three times with TBST, the membranes were incubated with primary antibodies raised against RANKL (1 : 1000), OPG (1 : 1000), and GAPDH (1 : 1000) at 4°C overnight. Membranes were washed with TBST three times and then incubated with secondary antibodies (1 : 5000) conjugated to horseradish peroxidase. Immunoreactive proteins were detected by enhanced chemiluminescence reagent. The Western blot experiments were repeated three times using different samples. The densities of the bands were determined using image analysis software Gel-pro Analyzer 4.5.
Statistical evaluation
Data are expressed as the means ± standard deviation (SD). Oneway analysis of variance (ANOVA) in IBM SPSS 11.5 software was used for measuring statistically significant differences between groups for all outcomes. Values of p < 0.05 were considered statistically significant.
